Phase separation in an acidic aqueous solution with sodium silicate and sodium dodecyl sulfate (SDS) was investigated. The solution separated into silica-rich and SDS-rich phases during condensation of silica components. During the phase separation, the transition structure was fixed by gelation, resulting in mutually continuous morphology. The addition of a small amount of water-miscible organic solvents, such as methanol, ethanol, 1-propanol, and 1-butanol, into the reacting solution greatly decreases both viscosity and phase separation tendency of the solution. In the system with high concentration of strong acid, SDS molecules form wormlike micelles, which not only increase viscosity of the solution but also play an important role in the phase separation in the solution because the formation of wormlike micelles increases apparent molecular weight of SDS and decreases mixing entropy. The decrease in the viscosity by the addition of organic solvents suggests that wormlike micelles become small in the presence of organic solvent molecules. Consequently, the addition of appropriate amount of organic solvent is effective for controlling phase separation tendency and size of the resulted macropores in the system with SDS through the change in the structure of the micelles.
Introduction
Solgel preparation of bimodal porous silica gel, which has both macropores and mesopores, is widely reported, where the macropores are formed by fixing transitional structure of phase separation induced during solgel transition. 1) , 2) In the process, various water-soluble additives are known to have a potential for inducing phase separation in a homogeneous reacting solution. Because the polymerization degree of silica component continuously increases during the solgel reaction, mixing entropy in the solution decreases. When mixing free energy becomes positive from negative in the homogeneous solution by the decrease in the mixing entropy, the solution separates into two phases. The additives have an effect to increase initial mixing free energy so that the solution becomes unstable before gelation. For example, the addition of organic polymers with acidic functional groups, such as sodium polystyrene sulfonate (NaPSS) and poly(acrylic acid) (HPAA), decreases the initial mixing entropy. 3)5) Then, the solution separates into two phases before gelation under appropriate reaction conditions at a specific solution composition. The transitional structures of phase separation can be fixed as permanent morphologies by gelation of silica.
Recently, we have reported that sodium dodecyl sulfate (SDS) has ability for inducing phase separation in an aqueous sodium silicate solution. 6) The aqueous solution of sodium silicate is generally called water glass (WG), and used in the industrial production of silica gel. The formation of macroporous silica gels from a mixture of SDS and WG is promising in industrial production because of low raw materials cost, although the macropore size have been controlled only by the change in gelation temperature. 6) On the other hand, surfactants were widely used in solgel reaction for the formation of periodic mesophases, such as hexagonal, cubic and lamella, by utilizing self-assemble ability of surfactant molecules. 7)10) In the formation process of mesopores, hydrophilic functional groups in surfactants interact with condensed silica gel surface through electrostatic interaction or hydrogen bonding. Because silica surface is acidic, either cationic or nonionic surfactant with basic or neutral nature is used in the formation of mesophase in the silica gel. These surfactants are also used in the macropore formation through phase separation, where interaction between surfactant molecules and silica gel decreases solubility of surfactant in the solution, and leads phase separation between solvent and surfactant associated with silica gel. 11), 12) The results in the morphology of silica gel prepared in SDSWG system suggest that phase separation in the system proceeds between SDS phase and silica phase in contrast to other surfactant systems. 6) This is reasonable in a sense because we cannot expect attractive interaction between acidic silica surface and acidic surfactants. However, it is difficult to understand that the addition of small ionic SDS molecules decreases the mixing entropy in the solution or increases the mixing enthalpy enough for separating phases. Then, we have proposed a hypothesis that SDS molecules form some kinds of associates such as ramified aggregates or linear micelles in acidic solution, and that the SDS associates enlarge viscosity of the solution with SDS under high concentration of nitric acid. Formation of such associates increases apparent molecular weight of SDS, which decreases the mixing entropy, and induces phase separation.
In this work, we investigated the effect of the addition of organic solvents in the acidic SDSWG solution in order to confirm the hypothesis mentioned above. If the formation of SDS associates plays an important role in phase separation in the SDSWG system, addition of a cosolvent with various natures will affect the structure of the SDS associates and phase separation tendency of the solution. In addition to such scientific interest, it is quite useful to control macropore structures only by the small change in the solution composition instead of the change in the reaction temperature.
Experimental
Silica gel samples were prepared using a commercially available WG (No. 3 in Japanese Industrial Standards (JIS), containing 29 wt% SiO 2 and 10 wt% Na 2 O, Toso Sangyo Co. Ltd.) as a silica source. SDS was used to induce phase separation. For neutralization of WG and catalysis of polycondensation of silica, 60 wt% aqueous solution of nitric acid (conc.HNO 3 ) was used. Various organic solvents, such as methanol, ethanol, 1-propanol, 1-butanol, 2-propanol, and acetone, were used as an additive for controlling phase separation tendency. All the reagents except for WG were purchased from Wako Pure Chemical Industries, Ltd., Japan.
The silica gel was prepared by typically the same method as reported previously. 6) Firstly, SDS was dissolved in distilled water. After the SDS had been dissolved, conc.HNO 3 and an organic solvent were added in the order into the SDS solution. Then, WG, which was preliminarily diluted with distilled water, was added slowly into the acidic SDS solution with stirring to avoid inhomogeneous precipitation of silica by rapid condensation. Because some organic solvents are easily oxidized by nitric acid, the mixing of the raw materials must be done quickly. The starting compositions adopted in the present work were WG:SDS:organic solvent:water:conc.HNO 3 = 45:y:z:97:37 in weight (g), where y and z varied in the ranges of 03, and 010, respectively. The resultant homogeneous solution was sealed in a plastic container, and kept at 25°C for 24 h. The obtained monolithic wet gel was soaked 3 times in a water bath for 24 h for removing sodium salt. Then, the wet gel was dried at 50°C till no weight change was observed.
Viscosity of SDS solution was measured by using capillary viscometer. Scanning electron microscope (SEM, SM200, Topcon) was used for the observation of micrometer-scale morphology of the obtained samples. A fresh fractured surface of a sample was coated with gold before observation for avoiding charge-up. The pore size distribution in the size range of >50 nm was measured for selected samples by mercury porosimetry (POREMASTER33P, Quantachrome).
Results
Previously, we have reported that aqueous SDS solution showed high viscosity by increasing concentration of a strong acid. 6) Figure 1 shows the change in viscosity of acidic SDS solution with the addition of organic solvent. The addition of a water-miscible organic solvent into the acidic SDS solution decreased the viscosity of the solution. This effect depends on both molecular weight and amount of additives. The viscosity simply decreased with increasing the ethanol content. At the same content, the viscosity became smaller with the increase in the carbon number of primary alcohol. Figure 2 shows the fractured surface of silica gels obtained at different ethanol contents. At low ethanol contents, spherical particles with the size of ca. 10¯m were obtained (A). With the increase in the ethanol content, the morphology changed to mutually continuous one and the macropore size decreased (B) (E). Finally, gels with no-macropores were obtained at high ethanol contents (F). In the mutually continuous morphology, the macropores were filled with small particles when their size is large. This is one of the features of the macroporous gels obtained by fixing transitional structure of phase separation. 1) Figure 3 shows pore size distribution of the samples. A sharp peak was observed in all the samples at the size corresponding to that of continuous pores observed in SEM. Figure 4 shows the change in morphology with the SDS content. As has been reported for the system without ethanol, 6) pore connectivity was affected by the SDS content: the increase in the SDS content led to the change in macropore morphology from closed macropores to particle aggregates through mutually continuous morphology. The ethanol addition to the SDSWG system did not alter this trend. Figure 5 summarizes relation between the gel morphology and solution composition. We can see two trends in Fig. 5 . The first one is that the increase in the SDS content decreases the connectivity of silica gel phase as described in Fig. 4 . The second one is that ethanol addition has two effects: one is to decrease the macropore size and the other is to decrease the pore connectivity. The decrease in pore size with the increase in ethanol content is also clearly shown in Figs. 2 and 3. Regarding pore connectivity, morphology changes from particle aggregates to mutually continuous one, and to closed macropores with increasing ethanol content. In the region at high ethanol and low SDS contents, as a result, silica gels with closed macropores were obtained. In contrast, in the region at low ethanol and high SDS contents, silica particle aggregates were obtained. Table 1 summarizes the change in the morphology with the content of various organic solvents. All the additives have the same effect: addition of the organic solvents decreased macropore size. That is, the phase separation tendency is decreased by the addition of any alcohols. At the same content, larger molecules have larger effects. Difference in the effect of cosolvent on the pore structures among 1-propanol, 2-propanol and acetone was small.
Discussion

Macropore formation in sol-gel system by phase separation
When phase separation proceeds through spinodal decomposition, compositional fluctuation grows as superposition of Fig. 4(A) , circle with cross: mutually continuous morphologies as shown in Fig. 2(B) (E), open circle: particle aggregates as shown in Fig. 2(A) , closed circle: without macropores. Numbers on the symbols indicate macropore size (¯m) estimated from SEM images of the mutually continuous morphology.
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infinite number of sinusoidal waves with constant wavelength but oriented randomly in three-dimensional space. 1),2) The wavelength of the compositional fluctuation becomes longer with the progress of the phase separation. When onset of phase separation is much earlier than gelation, therefore, macropores become larger till heavy phase precipitates or till the growing structure is fixed by gelation. The early onset of phase separation is observed for the system with low stability in one phase solution. Then, domain size fixed by gelation becomes large.
After drying, the phase without silica becomes macropores. Thus, pore size of macropores is controlled by the timing of phase separation and gelation. In other words, macropores become larger for the system with higher phase separation tendency. In the macropore formation by phase separation, volume ratio of the two phases affects the connectivity of the resultant gel morphology. During the growth of domains, a minor phase fragments into spherical particles. Mutually continuous morphologies become when the volume of the two phases is almost the same. If volume fraction of a phase containing silica polymers is low, the silica phase fragments and morphology of particle aggregates results. In contrary, if volume fraction of a phase without silica is low, macropores fragment into spherical macropores.
In the previous work, we proposed that phase separation in the SDSWG system generates conjugate phases; one rich in SDS and the other in silica, based on the change in the morphology with SDS content. 6) The morphology changed from closed macropores, through mutually continuous morphologies, to particle aggregates with an increase in the SDS content. The connectivity of the silica-rich phase decreased with an increase in SDS concentration accompanied with the increase in the macropore connectivity. Therefore, it is simply concluded that SDS and silica are the major constituents of the respective conjugate phases, and that the SDS-rich phase becomes macropores after drying. In the system with ethanol in the present work, similar change in the morphology with SDS content was observed as summarized in Fig. 5 . Unambiguously, the phase relation in the SDSWG system can be consistently depicted by a quasi binary phase diagram with SDS and silica as end-members.
Micelle structures of sodium dodecyl sulfate in aqueous solution
Surfactants form micelles in aqueous solution, when the concentration of a surfactant exceeds critical micelle concentration. It is confirmed experimentally that SDS forms spherical micelles with ca. 60 molecules in an aqueous solution. 13) Theoretical calculation also supports the spherical micelle structures of SDS with ca. 60 molecules. 14) On the other hand, micelle structures of surfactants depend on the conditions such as temperature and solution compositions. In the system with SDS, transition of micelle structure from spherical to rod or wormlike is frequently observed by adding various components, such as cationic surfactants, 15) neutral surfactants with ethylene oxide chain, 16) organic salts, 17),18) urea 19) and inorganic aluminum nitrate salt, 20) in aqueous solution of SDS. Such change occurs as a result of modification of hydrophilic characters of SDS by the additives.
The spherical-to-wormlike transition of micelle structure accompanies usually the increase in the viscosity of the solution because the formed wormlike micelles are entangled each other as if long polymer chains are dissolved. To our knowledge, there is no report on the occurrence of spherical-to-wormlike transition under highly acidic conditions. However, it is reasonable to attribute the increased viscosity of SDS solution at high concentration of strong acid to the formation of wormlike micelles because modification of hydrophilic characters of SDS at extensively low pH conditions is expected through protonation of sulfate group in SDS. The decrease in the viscosity of the SDS solution by the addition of cosolvents shown in Fig. 1 suggests the change in the micelle structures. The length of wormlike micelles would decrease with the increase in the ethanol concentration.
In our previous work, we proposed a hypothesis that SDS molecules form some kinds of associates such as ramified aggregates or linear micelles in acidic solution in order to explain the phase separation behaviors and high viscosity in acidic SDS WG system. 6) This hypothesis is reinforced by the literatures. In the next section, we will show that the results in the present study are clearly explained based on the formation of wormlike micelles of SDS under highly acidic conditions as well as on the change in the structures of the micelles by the reaction conditions.
Phase separation in the system with sodium dodecyl sulfate and water glass
SDS is a small molecule with molecular weight of 288. In an aqueous solution, it forms spherical micelles with ca. 60 molecules resulting in apparent total molecular weight of ca. 17000. 13) When it forms wormlike micelles, however, the total molecular weight becomes much larger than that of spherical one. It is reported that the wormlike micelles can grow to several micrometers with radii of 23 nanometers under appropriate conditions. 21) Formation of such large supramolecular structures affects not only the viscoelasticity of the solution but also the phase separation tendency. 16) The wormlike micelles can act as large molecules instead of individual small SDS molecules in the solution. Increase in molecular weight of a solute in polymer solution decreases the mixing entropy and increases the volume fraction of the solute phase. By forming wormlike micelles, therefore, SDS obtains ability of inducing phase separation in the solgel system, and a small amount of SDS becomes enough for the formation of mutually continuous morphology. 6) However, the phase separation tendency of SDS solution is too strong to control macropore size: gel preparation at ambient temperature resulted in silica gel with large macropores, typically >50¯m, which were filled with small silica particles. An example of such morphology is shown in Fig. 2(B) . It is difficult to expect as a high-performance porous material for the gels with this kind of morphology. We have controlled the macropore size by increasing gelation temperature in the previous work. 6) In this work, we found that the addition of organic compounds affects 
a. PA: morphology with particle aggregates. b. CP: morphology with closed macropores. c. NM: no macropores.
phase separation tendency in the SDS solution. It is reported that the addition of various cosolvents affects the formation of wormlike micelles. 18) In the present system, the addition of ethanol in the SDS solution decreases the viscosity of the solution (Fig. 1 ). This can be interpreted as that the presence of ethanol molecules decreases the length of wormlike micelles of SDS in the present system. The generation of shortened wormlike micelles leads to the increase in mixing entropy and the decrease in phase separation tendency. Thus, the decrease in the macropore size with increasing ethanol content in Figs. 2 and 5 is reasonably understood. In Fig. 5 , ethanol seems to be distributed preferentially in silica phase during phase separation, because the silica phase becomes major phase with the increase in ethanol content. However, it is difficult to consider that cosolvent ethanol is distributed only to one phase. This change in volume fraction would be related to the decrease in the volume fraction of SDS phase by the decrease in apparent molecular weight of wormlike micelles of SDS. As described above, volumes occupied by polymer chain in a solvent increases with the increase in molecular weight. 1) The addition of ethanol disturbs the formation of wormlike micelles of SDS. Therefore, it is natural that the volume ratio of silica and SDS phases in phase separation depends on the ethanol content. Thus, the present results are well explained by the presence of wormlike micelles of SDS.
The same effects were also observed in the addition of various water-soluble additives. That is, the viscosity of SDS solution decreases with the addition of various cosolvents (Fig. 1) , and macropore size decreased with increasing the amount of added cosolvent ( Table 1 ). The change in the morphology from particle aggregates to closed macropores was also observed by the increase in the amount of added cosolvent. This means that most of cosolvents have an effect to decrease the length of wormlike micelles of SDS and to decrease phase separation tendency. Here, the extent of the effect depends on the kind of added cosolvent. A larger molecule seems to disturb significantly the formation of wormlike micelles. On the other hand, difference in molecular structure of additives affects little in comparison among the results of 1-propanol, 2-propanol, and acetone (Table 1 ). Probably, different hydrophilic characters among additives would affect the structure of SDS micelles.
Matsui et al. obtained results similar to ours in the system with tetramethoxysilane (TMOS) and alkyl sulfonates with varied alkyl chain length, C14, C16, and C18. 22) In their work, because of the formation of methanol by hydrolysis of TMOS, increase in 1 M nitric acid solution means the decrease in the alcohol concentration. Therefore, phase separation occurs at high solvent contents. Their results that fragmentation of gel skeleton occurs by the increase in the amount of alkyl sulfonates and 1 M nitric acid are essentially the same as those shown in Fig. 5 . Although they did not mention about the effect of alcohol concentration, their results are well understood by considering the formation of wormlike micelles of alkyl sulfonates as we discussed above. In addition, they have reported that phase separation tendency increased in the order of C14 < C16 < C18. 22) This result is also reasonably understood by the formation of wormlike micelles, because the increase in the length of alkyl chain promotes the formation of wormlike micelles. 23) 
Conclusion
We investigated the effect of the addition of cosolvent in the phase separation system of WG and SDS. In this system, phase separation is induced by the incompatibility between wormlike micelles of SDS formed in strongly acidic solution and polymerizing silica oligomers. The addition of cosolvents, such as alcohol and acetone, strongly disturbed the formation of wormlike micelles of SDS, and led to decrease in apparent molecular weight of SDS micelles, increase in mixing entropy, and decrease in the phase separation tendency. As a result, macropore size in mutually continuous morphology formed by fixing transitional structure of phase separation became small with increasing the amount of added cosolvents. Therefore, the macropore structures could be controlled by changing solution composition without changing gelation temperature.
